Introduction
The in-cylinder turbulent flow plays a pivotal role in mixture preparation, combustion, and pollutant formation in direct-injection (DI) engines [1] . Injection of liquid fuel in excess of 10MPa during compression can enhance or disturb the pre-existing flow-field. For swirling engine flows, fuel injection has shown to redistribute and strengthen the angular momentum in the piston bowl, providing repeatable swirl-flow patterns [2] and enhancing fuel-air mixing for improved combustion [1] . However, the spray often greatly disturbs the tumbling flow, modifying the large-scale central axis-of-rotation and inducing higher turbulence levels. This spray-induced tumble flow experiences greater cycle-to-cycle variations (CCV) in flow structure, which can lead to improper fuel-air transport [3] [4] and increased rate of combustion instabilities in spark-ignition (SI) engines [5] [6] .
Within the engine/spray community there is a need to better understand the spray-induced turbulent flow to ensure proper mixing, transport, and combustion stability within DISI engines. Therefore, researchers have focused on fundamentals of liquid-gas momentum exchange [7] , spray-induced mixing and thermal transport [8] [9] [10] , spray/flow interactions focusing on CCV [3] [4] [5] , and the physics of spray-induced turbulence [11] [12] [13] [14] [15] .
The latter is important because it is suggested that late-mixing, flame speed, and heat-release rate for stratified operation is not determined by intake generated turbulence, but rather by the turbulence generated from injection [15] .
Laser-based diagnostic measurements and engine-spray simulations have provided our current understanding of spray-induced flow physics. Experimentally, particle image velocimetry (PIV) has provided a majority of flow/spray knowledge [2] [3] [4] [5] [6] [7] [8] 11, 16, 17] . While planar-PIV has provided a powerful understanding of flow/spray physics, the limitations of 2D data inhibit the understanding of an inherently 3D phenomenon. Instantaneous 3D3C flow-fields are required to fully resolve the spray-induced shear-layers that produce spatially-coherent turbulent vortical flow structures for enhanced mixing and flame-front transport. Such measurements are also highly sought to develop predictive models for optimizing flow patterns, mixing, and improving injector/engine compatibility. Holographic PIV has captured 3D spray velocities [18] , but limited to sparse particle fields. Tomographic PIV (TPIV) and tomographic particle tracking velocimetry have been applied within engines to capture the complexity of the 3D flow motion and resolve the complete velocity gradient tensor [19] [20] [21] [22] [23] . TPIV should principally be suited for engine-spray environments if locally dense particle distributions can be managed. This paper presents the first application of TPIV to resolve the 3D3C spray-induced flow within a SG-DISI optical engine. TPIV measurements are obtained after injection when particle distributions are suitable for accurate TPIV particle reconstruction. Planar high-speed PIV (HS-PIV) measurements (4.8kHz) are combined with TPIV (3.3Hz) to provide a time-history of the fuel-spray and 2D2C flow-field preceding the phaselocked, single-cycle TPIV measurements. HS-PIV also provides TPIV validation within the central symmetry plane (z=0mm). TPIV is further used to investigate the 3D turbulent kinetic energy (TKE) and the complete shear (S) and vorticity (Ω) tensors. Measurements spatially quantify the increase in TKE, S, and Ω from injection and describe how the spray-induced turbulence disperses within the FOV and decays with time due to molecular diffusion and dissipation.
Experimental
Velocimetry measurements were performed in a 4-stroke single-cylinder SG-DISI optical engine operating at 800RPM. Operating conditions are shown in Table 1 . The engine is equipped with a 4-valve pent-roof cylinder head, centrally-mounted injector, centrally-mounted spark plug, and quartz-glass cylinder and flat piston. Further details of the engine are described in [20, 24] . Silicone oil droplets (1µm diameter) were seeded into the intake air for PIV, but fuel droplets also influence velocimetry measurements. Isooctane was injected through a centrally-mounted, outwards opening piezo-actuated injector (105 o spray angle) within 18MPa injection pressure. The injector operated with 400µs injection duration and end-of-injection (EOI) of 76 o before top-dead-center (bTDC). The amount of fuel injected was 2.9mg/cycle. This injection event mimics the first-injection typically utilized amongst a multi-injection strategy [3] [4] . The resulting in-cylinder flow after injection is important because it implicates flow stability and proper fuel-air transport for subsequent injections [3] [4] . Injection timing utilized here occurs earlier than typical DISI stratified-charge operation. The injection timing was chosen to maintain suitable particle distributions for TPIV processing (0.02-0.08 particles/pixel) and allow for ~15 crank-angle degrees (CADs) to study the evolution of the spray-induced flow. After 60 o bTDC, TPIV image quality suffered due to scattered light from the cylinder head and approaching piston. Consequently, TPIV images were not acquired after 60 o bTDC. TPIV and HS-PIV were processed with DaVis 8.2.1 (LaVision). Images of a spatially defined target (LaVision) within the engine were used to calibrate images and match viewing planes of each camera system.
A 15 pixel sliding minimum subtraction and local intensity normalization were applied during TPIV image pre-processing. A volume self-calibration was performed for 100 images without injection. This provided a remaining pixel disparity <0.2 pixels. 3D particle reconstruction was performed using an iterative Multiplication Algebraic Reconstruction Technique algorithm (FastMART). TPIV was calculated by direct volume correlation with decreasing volume size (final size: 64x64x64 pixels) with 75% overlap, providing a 1.5x1.5x1.5mm 3 spatial resolution (based on the final interrogation window size) and 0.375mm vector spacing in each direction. HS-PIV images were cross-correlated with decreasing window size, multi-pass iterations from 64x64 to 32x32 pixels with 75% overlap, providing a 3.0x3.0x1.0mm 3 spatial resolution and 0.75mm vector spacing in the x-y direction.
TPIV assessment and HS-PIV
Mass conservation is applied to ascertain TPIV uncertainty. This is applied for non-injection operation when density is considered spatially uniform. Continuity yields: −1 ( ⁄ ) + / = 0 and is assessed at 70 o bTDC. Here, / ≈ 10 4 −1 , while the term −1 ( ⁄ ) = 85 −1 is less significant and will be ignored. Continuity is assessed similar to [19] for cubic control volumes (CV) of equidistant grid-spacing (0.375mm) throughout the entire measurement volume for 300 images. In attempt to quantify the relative deviation from mass conservation, the velocity difference (∆ = ∆ + ∆ + ∆ ) is normalized with the average velocity (| | 3 , ) that enters each CV. The PDF of ∆ /| | 3 , is shown in Fig. 2 (top/right axes).
The ∆ /| | 3 , distribution is symmetric around zero. The standard deviation (σ=12%) represents the deviation of the velocity flux and is reported as the TPIV uncertainty. For reference, the ∆ /| | 3 , PDF for injection is also shown in Fig. 2 , but this distribution cannot be used to ascertain mass conservation because density is spatially variant and not quantified. HS-PIV measurements were used to assess TPIV for fuel injection. . Particle response times range from = 1.8 − 9.9 , corresponding to = 0.9 − 2.5µ (fuel or oil). and decrease with CAD via secondary breakup and evaporation. Response times remain below 10µs (i.e. >100 kHz frequency response), indicating that fuel droplets accurately follow the gas-flow and do not disturb velocimetry measurements. This is not unexpected since images occur 0.6-3.3ms after injection in an expired spray plume. 
PIV Results and Discussions
TPIV is applied to spatially resolve the spray-induced 3D-TKE and instantaneous S and Ω distributions.
Measurements spatially quantify the increase in TKE, S, and Ω from injection and distributions are compared against non-injection operation. Analysis describes how the turbulent-infused fuel-cloud spatially evolves within the FOV and statistically reveals the turbulence decay with time due to molecular diffusion and dissipation [12] [13] [14] . Quantifying spray-induced turbulence at the CADs presented is important to understand (1) rapid fuel-air mixing for proper fuel preparation and emission reduction, (2) spray-flow behavior that impacts fuel delivery for proceeding injections, (3) flame front transport for very early spark timings, and (4) development of predictive models that accurately describe these phenomena.
3D Turbulent Kinetic Energy (TKE)
Turbulence is first assessed by 3D-TKE defined as: = The computed TKE fields are associated with turbulence levels and fluctuations of large-scale coherent flow structures (i.e. CCV) [21] . Individual TPIV images (not shown) indicate that both high turbulence levels and CCV contribute to the high TKE values in the spray region. The strong upward entrainment flow however, is more repeatable, exhibiting lower TKE values for the operating conditions.
A 300-image dataset exists at 70 o bTDC. Comparison between 100-and 300-image datasets (see supplemental material) revealed similar velocity and TKE distribution; local differences were less than 5% on average.
Strong agreement between datasets argues that the 100-image datasets adequately capture the relevant TKE findings presented.
Instantaneous shear and vorticity distributions
Analysis 3D ||S|| and ||Ω|| isosurfaces are shown in the left and middle columns, while the 3C velocity (z=0mm) and threshold-based ||Ω|| isosurfaces (based on average isosurface density, ̅ Ω (see Fig. 8 )) are shown in the right column. Isosurface density is defined as the percentage of voxels exceeding a threshold (Vthresh) to total number of voxels (Vtotal) [21] . This identifies the distribution of largest Ω-magnitudes occupying a percentage of the volume domain. ||Ω|| thresholds shown represent ̅ Ω,74bTDC =4% (||Ω||≥12500s -1 , red) and ̅ Ω,CAD =4%
(blue) to demonstrate the declination of largest 4% Ω-magnitudes at CAD nearest to EOI (i.e. 74 o bTDC), while visualizing the distribution of largest Ω-magnitudes occupying 4% volume for subsequent CADs. For reference, non-injection PDFs at the same CADs are shown in Fig. 7 
Decay of spray-induced turbulence using ̅ distributions

Conclusions
Spray-induced turbulence proceeding late-injection augments mixing, thus playing a primary role in controlling heat-release rates and pollutant formation. TPIV was applied to resolve the 3D3C spray-induced flow within a SG-DISI optical engine. TPIV measurements were obtained after a single-injection from a hollow-cone spray when particle densities were suited for accurate particle reconstruction. This injection mimics the first-injection from a multi-injection strategy. HS-PIV measurements (4.8kHz) were combined with TPIV (3.3Hz) to provide the time-history of the 2D2C flow-field preceding TPIV images. TPIV uncertainties were assessed (12%) and measurements were validated with HS-PIV (z=0mm plane).
TPIV was used to spatially resolve 3D-TKE and ||S||,||Ω|| distributions, otherwise not available with planar (a-c) Average TKE, ||S||, and ||Ω|| isosurface density with CAD, (d-g) probability isosurfaces for ||Ω||≥12500s -1 at selected CADs. 
